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Fi ***** Star Trackers 
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B-V value. These problems are «5S 5/ maL^r^T' problems iden,i,yl "9 s,ars «*> a Mgh 
inaccuracies are due to errors in "he oS *,L" ”’ tens ," y counte <*»*™*l by the tracker. The 
individual FHST. For this reason, ' data ^ errors are “"*>•» *> each 

Satellite (UARS). As a consequence ol this work the Sddard w?f!° k. Uppcr A,mos P here Research 
Dtvision (FDD) hopes to improve the attitude accuracy on these L lpW ^ enter (GSFC) Flight Dynamics 
procedures tor catalogs. accuracy on these missions and to adopt better star selection 

Introduction 

survey mode phase, where^W^ !*y bTfhe ^ ^ miSSi ° n Operations duri "g the 

extreme ultraviolet sky map. After the mapping phase L comDletedTl HT' ^velength to make a complete 
sources. This was the spectroscopy or inertial phase of the mic ^ c ’ went ° n t0 ol,serve specific ultraviolet 

.he attitude derermirrarion ins, rumen, Is are calibrated, so EUVE emers s^y^'^i'ca'l 'i%££S£T 

AdmLiw^n^ASAtsu^d R^'^HeadS^rTracker^tFTtSTs^^tf^ ' W ° Na,i ° nal Aeron “ te and Space 

rhe FHSTs, the AD would have he done 7* '° <**" "<»> 'he one o, bod, of 

as opposed to 10 arcsec for FHSTs). Therefore, it has been standard h,ch ,s less accurate (60 arcseconds (arcsec) 

the FHSTs to ensure their proper performance Most star acquisition nThl'** l ° ? th ° roughly any anomalies with 
m the field of view (FOV) being optical binaries or to a bright stl in the TO^'r I ** a “ ributed t0 s,ars 

been several anomalies in FHST1 that could not be explained bv either nf!h F ° V B S ' nce EUVEs launch . there have 
the FOV for a cataloged guide star and would s, s ^ ™ ST WOuld scan 

more than one or two stars in the FOV of each FHST that can hi ..-h f a n E ,V VE ‘ S inertiaI mode ' jt usually has no 
srar in irs FOV. rhe AD mus, be done usi„ g only „„ m OT a„ d °* ? „ FHSTs ls '« *1™ a 

acc urate. y rHi 1 and the FSS - therefore making the attitude determination less 
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Preliminary analysis indicated that the FHST was u ^We tomai^ ^ l k ^ ^ ^ FQV m pH ST scanning the 

it returns two pieces of data: (1) an ob '' rv ' d '"'“' S . h n OBC vLrld not identify the star because of an error 

FOV for the cataloged guide star would actually see the s,^ me OBt. the fh ST continuously 

in the observed intensity of the star tiL when this problem occurred, the star in the 

scanning the FOV but never having the OBC ident fy any g- ^ g _ y va|ue der ,„ ed as Us color Indus. Because 

FOV was a dim star with a high blue minus visual (B • different wavelengths Therefore, hotter stars are 

stars have different tempera^es,the^ spectral etw^^r^^peak at star has . negative B-V value 

bluish, and cooler stars are reddish. Using the b wavelengths (larger V magnitude). Conversely, a 

because it is brighter in blue (smaller B ^i, brighter in § V than in B (Reference 2). This color index value 

reddish star has a positive color index because it g ure ^ the scattering 0 f blue wavelengths due to 

^ folwingSfdd table (Table 1) provides the approximate correspondence between the 
value of the color index and the observed color. 


A 


■ TaUIa 


Color Index 

Visual Color 

Less than 0.0 

Blue 

0.0 to 0.3 

Blue to White 

0.3 to 0.6 

White 

0.6 to 1.1 

White to Yellow 

1.1 to 1.5 

Oranqe to Red 

Greater than 1 .5 

Red 


Because EUVE and the Gamma Ray Observatory (GRO) ™ S ^™^* n '^^^)^y^ S t ^ f £termine < if it was 

3). i, was decided to Se^lr Si Ban Earth-pointing satellite with a 

“ - rasT 

independently. 

EUVE/UARS Spacecraft Overview 

me EUVE spacecraft (Figure I) consists of a 

(PED).andaPayloadModulejnteMMSistriangu^prami e ^ ^ Coimmm i cat i 0 „ s and Data Handling 

^tCem^MMSelponll «m used fo, a„,mde/^i. n and control and fo, commnnicahons 

with the ground through the Tracking and Data Relay Satelltte SystemfTDRSS). 

, . . . _ „ fm , Cvstem tACS) is defined as follows: the X-axis points toward the payload 

The coordinate system of the Attitude Control Sys ‘ e ^ J rQmeter anting direction (opposite the high-gain 

module and is aligned with the thc z . axjs is normal to the outward face of the Signal Conditioning 

antenna); the system is often referred to as the ACS coordinate system. The FHSTs are 

attached to the MACS module. The EUVE FHSTs boresights are approximately 76 degrees (deg) ap 

The EUVE spacecraft has two nominal modes of - J«doo^ to^mll rate of 
mode, the spacecraft is rotating about the ACS i X P revo i ut ion will occur every orbit night. 

0.19 degrees/second (deg/sec). The 3 revolnnon per orbira^penod ‘X'direclion until .he nex.orbi, sunrise. The l-deg 
A, every orbit sunrise, « EUVE “can rhe enrire celesria, sphere in 6 monrhs. In 

“ d ,he ACS x ‘“ is ^ “ ,,erae ul,raviole ' 
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Figure 1. EUVE Spacecraft 


The UARS spacecraft (Figure 2) is also an MMS. The nominal MCS is defined by the MACS alignment cube and is 
nominally parallel to the body coordinate system (BCS). The coordinate system of the MACS is defined as follows: the 
X-axis points toward the Solar Stellar Pointing Platform (SSPP); the Y-axis points towards the FHSTs; and the Z-axis is 
nadir pointing toward the Earth. The coordinate system is often referred to as the ACS coordinate system. As with 
EUVE, the FHSTs are attached to the MACS module and are approximately 76 deg apart. 





Instrument Boom 


High-Gain Antenna 



Figure 2. UARS Spacecraft 
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The UARS spacecraft normally operates in Earth-pointing mode. During Earth-pointing mode at 0 deg yaw, the 
spacecraft is rotating at 1 RPO about the ACS Y-axis, with the X-axis pointing along the velocity vector and the Z-axis 
nadir pointing at all times. Approximately once every 35 days, a 180-deg yaw maneuver is performed to keep the solar 
arrays aligned with the Sun and the science instruments out of the Sun. When the spacecraft is at 180 deg yaw, rotation at 
1 RPO occurs about the ACS negative (-) Y-axis, with the X-axis pointing along the negative velocity vector, while the Z- 
axis maintains nadir pointing. 


FHST Overview 


The primary attitude sensors included on board EUVE and UARS are two pairs of FHSTs. The FHSTs used are NASA 
standard star trackers built by Ball Electro-Optics/Cryogenics Division. These sensors search for, detect, and track stars 
by focusing light from the object being tracked on the photocathode of an image dissector tube determining the intensity 
and position of the star. The FHSTs can track stars in the instrumental magnitude range of 2.0 to 5.7. (The instrumental 
magnitude is the magnitude that is expected of a star based on its intensity and color along with an averaged standard 
spectral response of an FHST.) As a star passes through the FOV of the FHST, a 0.2 magnitude fluctuation is expected. 

For use on EUVE, the magnitudes of allowable stars to track is limited by the flight operations team (FOT), depending on 
the mission phase. While in survey mode, the magnitudes are limited to a range from 2 to 4.25. When the spacecraft is 
rotating, a narrow magnitude limit is preferable because of the large numbers of stars passing through the FOV of the 
FHSTs. While EUVE is inertial-pointing mode, however, the magnitude limits are increased to include stars to a 
magnitude of 5.25 because of the lower numbers of stars available to ensure that there is a star available in each tracker. 

Each FHST has an 8-deg-by-8-deg square FOV, with a digital resolution of 7.78 arcsec. The manufacturer's specified 
position accuracy is 10 arcsec (1 a) within an 8-deg circular central FOV. Each telemetry count is equivalent to 7 arcsec 
of position in the FOV. For consistency, the FOVs coordinate system is defined as follows. From the inside of the FHST 
looking outward, the vertical position is referred to as theta with negative theta being in the upward direction. The 
horizontal position is referred to as phi with negative phi being to the left. 


On the ground, the FHSTs measurements are handled as follows. The FHST position output consists of two angles 
measured sequentially, each requiring a 50 milliseconds (msec) measurement time. The position deterrnined is 
approximately that of the star at the middle of the measurement period, 25 msec before the measurement becomes 
available for sampling. Since the 100 msec FHST measurement cycle is independent of the onboard computer (OBC) 
sampling cycle and, therefore, the time since the measurements were updated is unknown; the time of the star position 
measurement is at least 25 msec and as much as 125 msec before the time at which the measurement is sampled. Due to 
this timing error in conjunction with the roll rate, position errors can be in the range of +/- 20.3 arcsec. The position is 
then corrected for using known alignments and calibrated misalignments. 


The FHST manufacturer provides a transfer function for the calibration of the star tracker's FOV. It consists of a 
polynomial in tracker temperature, ambient magnetic field, star intensity, and star position in the FOV. Each FHST also 
has a FOV scale factor These values are used to convert from horizontal and vertical counts in the FOV to angu ar 
measurements. Nominally, these values are 0.002162 deg per count. The scale factor value for UARS FHST 1 is drifting 
at a quasi-linear rate making the FHST1 values 0.002130 deg per count as of October 28, 1993. The values for the 
EUVE FHSTs presently show no drifting. This drift in the UARS value must be accounted for when analyzing any 

FHST1 data. 


The intensity information is also unpacked and converted from counts to volts (0.02 volt per count) and eventually to star 
instrumental magnitude. The conversion equations are given below as 

J oh y = 0.02 * (intensity counts) ^ 

Mf = A * Log ]0 (/„/„. “ I re f ) + ^bias ^ 


where / is the observed intensity in volts, / is the reference intensity, M hias is the magnitude bias M, is the calculated 
observed magnitude, and A is a constant. Since each FHST needs to be calibrated independently, each FHST can have its 
own values. The values for both spacecraft and each FHST are listed in Table 2. 
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Table 2. Intensity Conversion Constants 


Intensity Conversion 
Constants 

EUVE 

UARS 

A(FHSTI) 

-2.5 

-2.5 

AIFHST2) 

-2.5 

-2.5 

(FHST1) 

3.500 

3.533 

M h „ r (FHST2) 

3.423 

3.533 

(Both) 

0.0 

0.0 


The star 
common 
included 
attitude. 


“ 1 “ ""W* *» «r observation to a 

in the onboard s«2g C Zl twined ' r“°“ a " d °< k "°»" s “ re 

g positions are determined assuming a known a priori attitude, usually the OBC 


Analysis 


Because of the large volume of FHST data collected during the EUVE/UARS mk.inn a*. h . 

was assumed that any processes that chaneed the FH9T reJr WARS mission, data reduction was necessary. It 

6 months to a year to occur Sjph T ^ and that noticeabl « changes took 

almost 2.5 years. Since there b“ d^nite T^StT/^T T ' ^ ^ UARS f °' 
degradation effects could even be noticed. FHST degrade - 11 was uncertain whether time 

sssz* r. e st tsrzsr t: * k t are ^ «■« -* 

different timespans were chosen for analysis. For processing of UARSdata Ppr ° X,mat ®. ,y one ' orblt of data for seven 
spanning approximately 15 months (see Table 3) Data u/pfa h *u , ’ five ‘ orb,t s P ans of data were chosen, 

there tvere any time dependencies or^gr^efS S52T 8 ' en8 ' h ° f "" m ‘ SSi °" S “ de “™“ if 


Table 3, Data Spans 


EUVE 

Greenwich mean time 
(YYMMDD.HHMMSS) 

UARS 

Greenwich mean time 
(YYMMDD.HHMMSS! 

921217.114517-134517 

92081 9.1 62835-. 182349 

__ 930207.041018-061017 

921 1 1 9. 1 63604-.1 8231 5 

930325.015017-035017 

93021 9.1 63002-.18241 1 

930425.080017-100017 

930715.163105- 1A1797 

9305 1 7.0245 1 7-0445 1 7 

931 1 02.1 63033-. 182320 

930613.024517-044517 ^ 

9307 1 7. 0845 18-1 045 1 8 




S™™DsrUnSPS i cZfs a^to'v <i! M al>i i i “ d Spacecraf ' <MTASS > Attitode Determination 

spacecraft tetemetry data ™ "ere «.rac,ed from 

engineering units, adjusted for biases, and corrected for temi-raf y ^ daU Wefe then converted from counts to 
subsystem. For UARS, a new FOV scale factor was us«»H f P 30 magnet,c effects using the Data Adjuster (DA) 
percent). After all the data were corrected the FHST ohsp^ h* timespan due to its quasi-linear degradation (about I 
using ,b. Star identification (SO USed id '" tifp 

reference frames using known FHST alignments and misalignments. ' ' ^ WCK con,er,ed 10 ,he “ ns » 
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the star too bright. The primary plots and comparisons analyzed here are as fo ows. 

• Delta Magnitude versus B-V 

• Delta Magnitude versus Instrumental Magnitude 

• Delta Magnitude versus FOV Position 

.U cucT t inamiracies as a function of the color index of the stars. 
£ ZZnZs T of fhe harness of .be inciden. iighi. Tbe .hint Cfsp.ays any 

position dependencies in the FHSTs FOV. 

Table 4 provide, basic s.a.isiics fo, .be magnitude errors of each FHST for each spacecraft. 

Table 4. Magnitude Error Statistics 


Star Tracker 


EUVE FHST 1 
FIJVE FHST 2 


WARS FHST 1 
UARS FHST 2 


Average Error 


-0.131 


0.042 


0.106 


-0.103 


Standard Deviation 
of Error 


0.199 


0.112 


0.113 

0.105 


As evident in Tabie 4. EUVEs FHST 1 is experiencing .be mo,, problems * ™Sni.ude error, and EUVE's FHST2 is 
having the least. 

EUVE Data and Results 

When dai, were examined fo, EUVE fo, — 

December 1992 was compared to the same plot for Ju y ^ m itude difference between them across the FOV. 

determine any sensitive regions. The plots show ' Q2 magn it u de fluctuation, no time dependence is 

Since a star traveling through the FOV can be exited to ^ ^ ^ ^ nQ ^ depende nce 

evident for FOV position. When plots [ performed by combining all data spans together into one 

sr,. m5T ussrs « ^ - - - — - 02 

magnitude fluctuations seen across the FOV. 

Table 5. Statistics tor Regression ot Delta Magnitude Versus B-V 


Parameter 


Intercept 

Slope 


R Square 


Stand. Error 


EUVE FHST1 


-0.048 

-0.188 


0.535 


0.106 L 


EUVE FHST2 


0.064 


-0.041 


0.062 


0.100 


UARS FHST1 


0.177 


- 0.100 


0.286 


0.095 


UARS FHST2 


- 0.112 


0.013 


0.005 


0.105 


EUVE's FHST, was » FHST ,h„ prompts ^ 

dependence on B-V value. Conversely. FHSTC hreim extent color < d*"*^ , „ gh depends ^ on g* B-V value, 
analysis wilh these data, This analysis shows. h g ^ coming from the B-V value. FHST2 has 

r,ir^n"^ - - — * is a measure of ^ much 

influence X has on the Y value.) 
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Delta 


FHST1 



- 0.4 - 0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 

B-V 

Figure 3. Delta Magnitude Versus B-V (EUVE) 
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EUVE's FHST1 does display a trend in the position in the FOV. Figure 4 shows that the negative theta position (the top 
half of the FOV) displays a definite shift in the magnitude error. Also, visual inspection of the surface plot may seem to 
show a problem with the outermost corner of the first quadrant. Since that area is outside the central FOV, where the 
OBC is supposed to break track, more data are required in that position to make an accurate determination of any trend. 
When the position in the FOV was examined as a function of the star's B-V values, no trend was evident. Of the stars 
sampled in the negative theta region of the FOV, only 21 percent of them had B-V values greater than 1.0, while in the 
upper half This demonstrates that the magnitude errors that occur in the upper half of the FOV do not occur just because 
there is a high sampling of high B-V stars in that region. That portion of the FOV is actually giving erroneous 
measurements. Twenty-Five percent had high B-V values. 

Figure 5 shows magnitude error versus instrumental magnitude. Data for FHST1 shows no correlation between 
magnitude and magnitude error, while FHST2 does show a slight correlation. With FHST1, magnitude errors can occur 
at any magnitude. FHST2 shows the general trend of being less accurate at dimmer magnitudes. This is expected as the 
visual to instrumental magnitude conversions are less accurate at dimmer magnitudes. 

UARS Data and Results 

As with EUVE when data were analyzed to look for any time-related effects, none were evident. Once again, data were 
combined and viewed as a whole, rather than as time dependent. UARS data wee not averaged since its data rate is 64 
times less than EUVE’s. 

For UARS, the color dependencies looked surprising upon first glance (Figure 6). FHST1 shows UARS to be seeing low 
B-V value stars that are too bright, while FHST2 shows no correlation with color. Table 5 shows statistics similar to 
EUVE. For FHST1 , there is a higher dependence upon B-V value with 30 percent of the correlation due to the B-V value. 
The slope is also higher for FHST1 by about a factor of seven. FHST2 indicates no color dependence. These numbers and 
visual inspection seem to demonstrate a problem similar to EUVE's, with the exception that it is unlikely that FHST1 is 
seeing low B-V stars too bright. For an FHST to see stars that are too bright woultUrequire the electronics to be better 
than 100 percent efficient. It is more likely that the M btas value in the magnitude calibration equation, Equation (2) is in 
error. A change in this value will move the data downward on the graph. This will show the FHST as actually seeing 
high B-V stars that are too dim, as with EUVE. To be sure, this will require some future analysis. 

UARS's FHST2 also displays a trend in the position in the FOV. Since FHST2 shows no color dependencies, no color 
dependency versus FOV position needs to be analyzed. Figure 7 shows that the problem areas are the second quadrant 
(negative theta, positive phi), and the outermost corner of the first quadrant. These seem to be actual problem regions of 
the FOV. Once again, as with EUVE, the erroneous data in the first quadrant is outside the central FOV and is never 
used by the OBC for attitude determination. 

Figure 8 shows plots of magnitude error versus instrumental magnitude. Both plots show higher magnitude errors as the 
magnitude gets dimmer. It is expected that as stars get dimmer, there should be larger standard deviation in the error 
measurements. These plots indicate a slope in the error measurements for both FHSTs. This implies a calibration 
coefficient problem for the A value in the magnitude calibration equation. Equation (2). More analysis is necessary to 
determine what the corrected values should be. 
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FHST2 
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Figure 6. Delta Magnitude Versus B-V (UARS) 
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Phi (Degrees) Theta (Degrees) 

Figure 7. Delta Magnitude Versus FOV Position (UARS, FHST2) 
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Figure 8. Delta Magnitude Versus Instrumental Magnitude (UARS) 
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Conclusions 


Plots of theta versus phi indicate that the study has used a uniform distribution of stars across each FHSTs FOV. None 
of the FHSTs analyzed in this paper have displayed a noticeable time dependence. Since EUVE s data spans covered 8 
months and UARS's covered over a year, the processes that influence an FHSTs degradat.on take longer than these 

spans. 

Color index has an effect on two of the FHSTs: EUVE FHST 1 and UARS FHST 1 Both show a significant -coition 
between magnitude error and B-V value. It should be noted that these two FHSTs have serial numbers of SN005 (UARS 
FHST1) and 8 SN006 (EUVE FHST1). EUVE and UARS swapped star trackers before launch due to a problem with the 
SN006 FHST UARS was launched with EUVE’s original FHST1 in place of its original FHST2. Once the problem with 
SN006 was repaired, it was put onboard EUVE as its FHST1. It is assumed that since these two FHSTs were the original 
onesbuilt for UARS, they were built at the same time. These color-caused magnitude errors could have some 
dependence upon the manufacturing process of the FHSTs. This should be considered in the future when new missions 
are launched using the Charged Coupled Device (CCD) star trackers since these are even more sensitive to reddish colors 

than the Image Dissector Tube FHSTs. 

Position dependence due to magnitude errors is evident in two of the FHSTs. EUVE FHST 1 and UARS FHSTJL Both 
FHSTs display position dependencies with similar results. Currently, it is unknown why certain areas in the FOV seem 
to have more errors than the other since no time dependence is seen, but future analysis may provide answers. 

More analysis of the magnitude calibration equation for UARS is necessary. Data from the Delta Magnitude/B-V and 
Delta Magnitude/Instrumental Magnitude plots supports the need for new coefficients in Equation (2)_ This ; has ; already 
been done for EUVE. These calibrations should allow for more stars to be identified properly and, therefore, 
accurate attitude determinations. 
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